The diversity among 43 isolates of the genus Frankia was studied by determining levels of deoxyribonucleic acid relatedness (S1 nuclease method) and DNA base compositions. The guanine + cytosine contents ranged from 66 to 75 mol% . At least nine genomic species were differentiated, including three genomic species among strains compatible with members of the genus Alnus, five genomic species among strains compatible with members of the family Elaeagnaceae, and one genomic species among strains compatible with members of the genus Casuan'na. Genomic species 1, which contained proposed type strain CpIl and nine strains that were compatible with members of the genus Ahus and were 64 to 97% related to strain ACoN24d, is Frankia alni. Four genomic species contained single strains that were 0 to 30% related to the other genomic species. Typical strains isolated from members of the genus Casuarina were found to be very homogeneous (69 to 100% related to strain ORS020606) and clearly separated from atypical strains. The nine genomic species delineated in this study cannot be named since no phenotypic tests are available for identification.
The N,-fixing Frankia-actinorhizal plant symbiosis has been reported to occur in more than 194 species of woody dicotyledons belonging to 24 genera and eight diverse families (4, 37) . The members of the genus Frankia, which was proposed by Becking (7) as the only genus of the family Frankiaceae (Actinomycetales), are recognized primarily on the basis of the symbiotic capacity of the endophytes and their unique morphology in root nodule tissues. Recent studies in which 16s ribosomal ribonucleic acid sequencing (17) confirmed morphological similarities (23) led to a proposal to include the genus Geodermatophilus in the Frankiaceae.
Various attempts have been made to delineate groups within the genus Frankia. Since no isolates were available, the first attempt was based on studies of inoculation compatibility groups in which crushed nodule inocula were used. Thus, 10 species were described, with Frankia alni as type species (8) . Since the first confirmed isolation by Callaham et al. (12) , hundreds of strains have been obtained from various host plants, allowing the use of more accurate methods of characterization. Thus genus Frankia is now relatively well described as a group of symbiotic, filamentous, gram-positive, sporangiaum-forming , vesicule-forming actinomycetes (28). Other characteristics, such as type I11 cell wall composition (30) , type I phospholipids (29, 31) , deoxyribonucleic acid (DNA) base ratios ranging from 68 to 72 mol% (2) , and the presence of 2-O-methyl-~-mannose (33) , seem to occur commonly in strains of Frankia. Using pure cultures as inocula, Baker (3) redefined the host specificity groups described previously. He found four overlapping groups, which demonstrated the inadequacy of the previous taxonomic system (8) . The three major groups contain strains that are compatible with members of the genus Alnus, strains that are compatible with members of the family Elaeagnaceae, and strains that are compatible with members of the genus Casuarina. The first two groups have been separated by various studies in which physiological, immuno-* Corresponding author. chemical, and genomic characteristics have been used (1, 6, 41; P. Simonet, P. Normand, A. Hirsh, and A. D. L. Akkermans, in P. M. Gresshoff, ed., The Molecular Biology of Symbiotic Nitrogen Fixation, in press). Few data are available concerning the later group of strains compatible with members of the genus Casuarina due to the small number of strains available.
The low growth rate of strains of Frankia and difficulties in the isolation of high-molecular-weight DNA (Simonet, Normand, Hirsh, and Akkermans, in press) have limited genomic relatedness studies. Using DNA base composition and DNA-DNA hybridization methods, An et al. (1, 2) described a genomic group within the strains compatible with members of the genus Alnus and showed a high degree of heterogeneity among the strains compatible with members of the Elaeagnaceae. DNA guanine-plus-cytosine (G+ C) contents, the homogeneity of which did not allow An et al. to delineate groups, ranged from 68 to 72 mol%.
The purpose of this work was to examine the genetic diversity of the genus Frankia by using DNA-DNA hybridization and DNA base composition and a larger spectrum of strains isolated from various geographical areas. As a result, more than nine genomic species were found.
MATERIALS AND METHODS
Bacterial strains. The sources of the strains of Frankia which we studied are shown in Table 1 . The strains were grown at 28°C in F medium (40) (strains belonging to the Alnus compatibility group), F medium without Tween 80 (strains belonging to the Elaeagnaceae compatibility group), or BAP medium (34) (strains belonging to the Casuarina compatibility group). DNA extraction. Previously described methods were used for the extraction (39) and purification (11) 5 ~1 of 20 mM zinc sulfate, and 10 p1 of P1 nuclease (Boehringer GmbH, Mannheim, Federal Republic of Germany) and incubating the tubes for 3 h at 37°C. The chromatographic system used for the separation and quantitation of nucleotides was the following: C,, reversed-phase column (SociCtC FranCaise de Chromatographie); solvent, 0.6 M NH,H,PO,, pH 4.25; flow rate, 1.5 mumin; absorption measured at 260 nm. DNA-DNA hybridizations. Native DNA was labeled in vitro by nick translation with tritium-labeled nucleotides (Amersham International, Amersham, England). The procedure used for the hybridization experiments (S1 nucleasetrichloroacetic acid method) has been described previously (13, 24) . The reassociation temperature was 75°C. DNA-DNA hybridization tests were carried out by using labeled DNAs from Frankia spp. strains ACoN24d, AV22c, ARgPSAG, Eal,,, TX31eHR, EUNlf, HRN18a, Ea50,, and ORSO20606 (serial numbers 1, 10, 14, 19, 25, 28, 29, 30, and 33, respectively) as probes.
Thermal stability of reassociated DNAs. The temperature (T,) at which 50% of the reassociated DNA became hydrolyzable by the S1 nuclease was determined as described previously (13) , with slight modifications. After DNA hybridization was completed (16 h at 75"C), the hybridization mixture was diluted 1:2 (final NaCl concentration, 0.21 M) with distilled water to bring the T, below the boiling
temperature of the mixture. The hybridization mixture was incubated in a glycerol bath, and the temperature was increased in 5°C steps from 75 to 105°C. At each temperature step, a sample was withdrawn, mixed with S1 buffer, and treated with S1 nuclease at 60°C (24). In addition, a sample withdrawn at 75°C was mixed with S1 buffer without addition of S1 nuclease. This served to determine the radioactivity of unhydrolyzed DNA (24).
The value called AT, is the difference between the T , of the heteroduplex (in the heterologous reaction) and the T, of the homoduplex (in the homologous reaction),
RESULTS
The G+C contents of the strains ranged from 66.0 to 75 mol% ( Table 2) .
Unstandardized reassociation values for homoduplexes ranged from 75 to 100%. The levels of reassociation in control tubes containing only labeled DNAs ranged from 6 to 11%. The T, values for homoduplexes (in 0.2 M NaC1) ranged from 83.5 to 96.7"C.
Of the 43 strains tested, 34 fell into nine discrete DNA relatedness groups (genomic species) ( Table 2 ). The remaining nine strains were not studied further and thus may represent one or more additional groups. Genomic species 1 contained nine strains that were compatible with members of the genus Alnus and were 60 to 97% related to strain 1, with low levels of divergence (AT,, less than 3°C). Four other strains compatible with members of the genus Alnus formed a tight genomic species (genomic species 2) that was more than 80% related to strain 10. Genomic species 4 contained six strains that were 69 to 100% related to strain 19, with AT, values less than 2.7"C. Three strains compatible with members of the Elaeagnaceae formed genomic species 5. These strains were more than 79% related to strain 25 and yielded low relative binding ratios (less than 49%) and high AT, values (7°C) with genomic species 4. Genomic species 9 contained eight strains belonging to the Casuarina compatibility group. These strains were 69 to 100% related to strain 33, with AT, values less than 4.3"C.
A total of 13 strains did not belong to any of the genomic species described above. Four of them (strains 14, 28, 29, and 30) were used as sources of reference DNA and were 0 to 30% related to the five genomic groups described above; thus, these four strains should be considered different genomic species (designated genomic species 3, 6, 7, and 8, respectively). The nine remaining strains were not studied further.
DISCUSSION
The G+C contents of DNAs have been reported to range from 68 to 72 mol% in the genus Frankia (2) . In this study we found a wider range of G+C values, 66 to 75 mol%. Nevertheless, delineation of groups by using this criterion is not possible. The only exception could be genomic species 5, which included the strains with the lowest G+C contents.
The single species concept in the genus Frankia is untenable since at least nine genomic species can be delineated. The nine strains which fell into none of the delineated genomic species might represent one or more new genomic species. We did not attempt to resolve all genomic species since the cost and effort are disproportionate with the results when the genomic species contain single strains.
Alnus compatibility group. At least three genomic species were found among the strains compatible with members of the genus Alnus. Genomic species 2, which contained three strains isolated from AZnus species in France, has not been described previously.
Genomic species 3 contained a single strain, strain ArgPSAG, which was found to produce specific malate dehydrogenase, peptidase, and 6-phosphogluconate dehydrogenase electromorphs (electromorphs 2, 1, and 1, respectively) (18). Our DNA data do not support the proposal of Lalonde et al. (27) that strain ArgPSAG represents a subspecies of F . alni ("Frankia alni subsp. vandijkii") since it was only 2% related to genomic species 1.
Among the strains compatible with members of the genus Alnus, neither the original host genus nor the geographical origin seems to be related to the degree of genetic relatedness. For example, French strains isolated from A h u s viridis were expected to be closely related to each other because of the restricted area of the host in the Alps, but one of these strains belongs to genomic species 1, and the two other strains belong to genomic species 2. Strains 1, 2, and 3 of genomic species 1 have been isolated from the same alder stand but from different Alnus species. It may be asked whether these strains are really different or whether they represent four isolates of the same strain. These organisms were compared by using different molecular characterization techniques (P. Simonet, N. Thi Le, A. Moiroud, and R. Bardin, Plant Soil, in press) and were shown to be closely related but separable by these methods. Consequently, in this case, host genotype does not seem to take a prominent part in the sorting of the strains from the soil since different Alnus species selected the same Frankia genomic species from the soil. Nevertheless, it remains to be demonstrated whether this result is correlated with a real homogeneity of the Frankia population in this soil. Other explanations could be the better competitivity of this genomic species for nodulation or for growth in pure culture after isolation.
Elaeagnaceae compatibility group. In Bergey 's Manual, 8th ed., Becking (8) proposed a single species ("Frankia elaeagnii") for strains that nodulate members of the family Elaeagnaceae (the genera Elaeagnus, Hippophae, and Shepherdia). Lalonde et al. (27) agreed with this proposal. However, this proposal is not supported by DNA relatedness data. Recent results obtained by using various characterization methods (1,36,41; Simonet, Normand, Hirsh, and Akkermans, in press) have indicated that the group of strains compatible with members of the Elaeagnaceae is a highly heterogeneous group. Our results showed that at least two genomic species containing six and three strains and three 18, 19) . Similarly, strain 28, which is markedly different from the other strains as determined by these two methods, was found in this study to constitute a separate DNA homology group. The very low level of genetic relatedness between strains 28 and 29 is in agreement with the results of a previous study conducted with nifgene restriction fragment length polymorphisms (Simonet, Normand, Hirsh, and Akkermans, in press). Casuarina compatibility group. In Bergey 's Manual, 8th ed., Becking (8) proposed the single species Frankia casuarinae for symbionts of Casuarina species. Since this proposal, most of the taxonomic studies of strains of Frankia have not taken into account strains that are compatible with members of the Casuarinaceae; thus, few data exist about them. Cross-inoculation tests with pure cultures isolated from Casuarina species nodules have shown that at least two groups can be distinguished. Some of these isolates are able to renodulate their original host plants and are called typical strains. The other isolates are not able to renodulate their original hosts but can infect plants belonging to the Elaeagnaceae; these are called atypical strains. In this study, eight typical strains and three atypical strains were tested. Our results showed that the eight typical strains are closely related to each other and constitute a single DNA homology group. Although few strains have been tested, they should be representative of strains compatible with members of the genus Casuarina because of their widely diverse origin ( Table 1) . This homogeneity could be explained by the fact that all casuarinas originate from Australia and the South Pacific Islands and have been disseminated worldwide (44). The homogeneity of this group has also been demonstrated by nif gene restriction fragment length polymorphisms, which separated the typical group from the atypical group (S. Nazaret, P. Simonet, P. Normand, and R. Bardin, Plant Soil, in press). The three atypical strains do not belong to the same DNA homology group, confirming the wide differences reported when nif gene restriction fragment length polymorphism patterns were used (Nazaret et al., in press). Several hypotheses have been proposed concerning the heterogeneity of atypical strains and their strong divergence from the typical group. Presently, these organisms are generally considered to be co-infective strains that are present in nodules with typical strains. The position of strain 41 is not clear; it was 38% related to genomic species 9 (Table 2), had the same isoenzyme pattern as three typical strains (data not published), and was very similar to the typical group strains when nif gene restriction fragment length polymorphism patterns were used (Nazaret et al., in press).
The taxonomic position of the strains of Frankia isolated from members of the genus Myrica should be of major interest since these strains are compatible with host genera belonging to the three major inoculation groups (3) (Alnus, Elaeagnaceae, and Casuarina compatibility groups). Generally, strains from this group are not easy to isolate, and their growth rates are slow. In this study only strain 15 originated from a member of the genus Myrica (obtained from Alnus glutinosa inoculated with crushed nodules from Myrica gale). This organism was 53% related to genomic species 1, but the poor efficiency of DNA extraction for this strain did not allow us to confirm this intermediate result with a ATstudy.
It should be noted that the available isolates of Frankia are certainly not representative of the real diversity within the genus Frankia. For example, in this study we took into account only 7 of the 35 Alnus species. Moreover, isolation attempts have remained unsuccessful with a number of host plants, and few methods are available to perform isolation of non-nodulating (saprophytic) strains of Frankia species from the soil. Therefore, a major bias is introduced in the subsampling. A bacterial species is now defined as a DNA relatedness group (genomic species) which can be identified by phenotypic tests (42). Among the nine genomic species of the genus Frankia, genomic species 1 is F. alni. Unfortunately, the phenotypic data available are not comprehensive enough to separate these genomic species. In accordance with the recommendations published by a group of experts (42), these genomic species cannot be named at this time.
